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Protocol
========

We first describe a general protocol that can be used to fabricate patterned, sealed particles and reconfigurable grasping devices. Along with the general protocol, we provide one specific, visualized example for both the fabrication of sealed dodecahedral particles and reconfigurable microgrippers.

1. Mask Preparation and Design Rules
------------------------------------

1.  Typically, at least two mask sets are needed, one for regions that do not bend or curve (rigid panels) and the other for regions that bend, curve or seal (hinges). Additional masks can be utilized to define surface patterns of pores, molecular patches, optical or electronic elements. Masks can be designed using a variety of two dimensional vector graphics software programs such as AutoCAD, Adobe Illustrator, FreeHand MX or Layout Editor.

2.  Empirical studies suggest the following optimal design rules for generating masks that can be used for the surface tension driven folding of a polyhedron of side length L. For a particular polyhedral geometry, the number of panels first needs to be determined. For example, a cube has six square panels while a dodecahedron has twelve pentagonal panels.The high-yielding two dimensional arrangement of panels, also called a net needs to be figured out. Nets that have the lowest radius of gyration and greatest number of secondary vertex connections will typically assemble with the highest yields. The optimum nets for a variety of polyhedra such as cubes, octahedra, dodecahedra, truncated octahedra, icosahedra, are published ^23,\ 28^.In the panel mask, the panels of the polyhedra should be drawn as nets and the adjacent panels should be spaced by a gap of width that is approximately 0.1L. Registry marks are needed for subsequent alignment with the hinge mask.In the hinge mask, both folding hinges (in between the panels) and locking or sealing hinges (at the edges of the panels) must be defined. Folding hinges should have lengths of 0.8L and widths of 0.2L while sealing hinges at the periphery of the panels should have lengths of 0.8L and widths of 0.1L with an overhang of 0.05L **(Figure 1 a-c)**. Special care must be taken to ensure that the panel and hinge masks overlay, with registry. With this design rule, we have been able to synthesize particles with sizes ranging from 15 μm to 2.5 cm.The volume of the hinge controls the folding angles, and for a given hinge width, finite element modeling is required to determine the necessary thickness of the hinge. The reader is referred to published models^29-32^ to estimate this thickness. However, the attractive feature of our approach is the use of locking or sealing hinges which provide considerable error-tolerance during self-folding. Hence, when sealing hinges are used, the assembly process is tolerant to deviations in hinge volumes, allowing them to be only approximately targeted. Due to significant cooperativity during assembly, even dodecahedra with fold angles of 116.57° have been mass produced. Further, truncated octahedra have two different dihedral angles of 125.27° and 109.47° but could be assembled using the same hinge volumes. Another benefit of the sealing hinges is that the hinges adjacent to each other fuse together on heating during folding process, creating tightly sealed, seamless and rigid particles on cooling.

3.  Empirical studies suggest the following optimal design rules for the masks of microgrippers that fold due to residual stress powered hinges. For a microgripper of tip-to-tip length (*D*) of 600-900 μm, the hinge gap (*g*) is typically around 50 μm **(Figure 1 d-f)**, whereas for smaller microgrippers with a *D* of 300 μm, a smaller *g* of around 25 μm should be utilized. The hinge gap dimensions depend on the stress, thickness and elastic contents of the underlying films and multilayer analytical solutions can be used to roughly estimate the extent of folding^25,33^. Precise measurement of stresses and finite element modeling is required to precisely simulate the folding. Empirical studies suggest that approximately 100 μm is the lower limit for the particles with stressed chromium hinges.

4.  After designing the layout, the masks should be printed on transparency films using high resolution printers either in-house or through a variety of commercial outlets **(Figure 2a)**. Typically, transparency films should be used only with minimum feature sizes of 6 μm, while chrome masks are needed for structures with smaller hinge gaps or features. The typical file format required for ordering commercial masks is \".dxf\".

2. Substrate Preparation
------------------------

1.  Flat substrates such as glass slides or silicon wafers need to be used.

2.  For good adhesion, it is important to clean and dry the substrates. It is generally sufficient to clean the substrates with methanol, acetone and isopropyl alcohol (IPA), dry them with nitrogen (N~2~) and then heat them on a hot plate or in an oven at 150 °C for 5-10 min.

3. Deposition of the Sacrificial Layer
--------------------------------------

In order to release the templates from the substrate after patterning, a sacrificial layer is required. A variety of films composed of either metals (*e.g.*, copper), dielectrics (*e.g.*, alumina) or polymers (*e.g.*, PMMA, PVA, CYTOP etc.) can be utilized. When choosing a sacrificial film, important considerations are the ease of deposition and dissolution of the material and the etch selectivity.

4. Patterning the Panels
------------------------

1.  The panels of the particles can be deposited by a variety of means. For polymeric particles, the films are deposited by spin coating or drop casting. For metallic particles, electrodeposition or thermal evaporation can be utilized.

2.  For the fabrication of metallic particles, it is necessary to add a conductive layer onto the sacrificial layer coated substrate to facilitate electrodeposition of the panels and hinges.

3.  The panels can be patterned using any lithographic process such as photolithography, molding, nanoimprint lithography or electron beam lithography. A typical photolithography process involves coating a photoresist layer onto the substrate, then baking, exposing and developing as per manufacturer\'s recommendation. Photoresists such as SPR, AZ or SC series can be used; alternatively, the panels can be defined using photocrosslinkable polymers such as SU8, PEGDA, or photocrosslinkable PDMS. Depending on the choice of photoresist, thickness and therefore spin speed, exposure time and development time will need to be adjusted accordingly.

4.  After photolithography, depending on the size of metallic particles, thick panels can be formed by electrodeposition, while thin panels can be defined by evaporation or sputtering. For electrodeposition of panels, Faraday\'s laws of electrodeposition and the efficiency of the bath should be used to calculate the electroplating current based on the total exposed surface area of the panels. Typical current densities for nickel (Ni) and solder (Pb-Sn) plating are between 1-10 mA/cm^2^ and 20-50 mA/cm^2^ respectively.

5. Patterning the Hinges
------------------------

Similar to the patterning of the panels, in order to pattern hinges, a second round of photolithography needs to be done using the hinge mask **(Figure 2b-c)**. The registry marks on the panel and hinge masks need to be overlaid to ensure proper alignment.

1.  For surface tension driven assembly, the materials for the panels and hinges should be chosen so that the hinge material has a lower melting point than the panels and hence the panels remain rigid while the hinges are melted. Assembly occurs when the templates are heated above the melting point of the hinge material. For example, in case of metallic particles with Ni panels, we electrodeposit Pb-Sn solder on the hinges which melts at \~200 °C and prompts the folding. Similarly, in the case of polymeric particles with SU8 panels, we deposit polycaprolactone hinges which assemble at \~58 °C.^27^ The process works best when the hinge material is pinned within the hinge region during reflow; *i.e.* it does not spread all over the panels and does not completely dewet from the panel. This pinning can be achieved by the selection of materials with appropriate wetting characteristics and viscosity.

2.  In the case of thin film stress driven self-folding, the hinges should be patterned prior to the panel patterning. Typically, the hinge needs to be composed of a differentially stressed bilayer, composed of a stressed metal such as chromium (Cr) or zirconium (Zr) and a relatively unstressed metal such as gold (Au) or copper (Cu). For example, for microgrippers with a hinge gap of 50 μm, we use a bilayer composed of 50 nm Cr and 100 nm Au. In addition to differentially stressed metallic bilayers, differentially stressed polymers^34-37^, SiOx layers^38^ or epitaxial semiconductor^5^ layers can also be utilized.

3.  For thin film stress driven self-folding, a thermo-sensitive polymeric trigger layer should be utilized to constrain the devices so that the structures do not fold spontaneously upon release from the substrate. The appropriate choice of trigger material and thickness can endow the devices with different stimuli responsive properties. For example, patterning 1.5 μm thick photoresist (S1800 series) in the hinge region is enough to keep the devices flat until they are heated to \~37 °C to trigger the folding.

6. Releasing the Templates from the Substrate and Folding
---------------------------------------------------------

1.  To release the patterned 2D templates, the sacrificial layer needs to be dissolved by appropriate etchants **(Figure 2d)**.

2.  For surface tension driven assembly, the released planar precursors need to be heated above the melting point of the hinge material. On heating, the hinges get liquefied and the precursors assemble into appropriately shaped hollow particles **(Figure 2e-i)**.

3.  For thin film stress driven folding, the folding can be triggered after the structures are released from the substrate and on exposure to the right stimulus, *e.g.*, on heating, so that the trigger softens and no longer constrains the relaxation of the stressed bilayer hinges. Since the grasping devices are ferromagnetic they can be guided and positioned near appropriate cargo and triggered to fold around it **(Figure 2j-n)**. It is noteworthy that tissue excision can be achieved using such triggered folding^25^.

Example 1. Protocol for the fabrication of surface tension driven self-assembled, permanently bonded, 300 μm size hollow dodecahedra (schematic representation in Figure 3):
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

1.  Prepare the masks as explained in **Step 1.**For fabrication of the dodecahedra with 300 μm panel edge length, draw a panel mask such that the pentagonal panels of the dodecahedron are spaced apart by 30 μm. Draw a hinge mask where folding and sealing hinges have dimensions of 240 μm x 60 μm and 240 μm x 30 μm respectively.

2.  Prepare a silicon wafer substrate as explained in **Step 2.**

3.  Spin coat \~5.5 μm thick layer of 950 PMMA A11 at 1,000 rpm, on the silicon wafers. Wait for 3 min and then bake it at 180 °C for 60 sec.

4.  Using a thermal evaporator, deposit 30 nm chromium (Cr) as an adhesion promoter and 150 nm copper (Cu) as the conducting layer.

5.  Spin coat \~10 μm thick SPR220 at 1,700 rpm onto the wafers. Wait for 3 min.

6.  Perform a ramp-up softbake by placing the wafer on a hotplate at 60 °C for 30 sec. Then transfer the wafer onto another hotplate at 115 °C for 90 sec and then back to 60 °C for 30 sec.

7.  Cool the wafers at room temperature and wait for 3 hr.

8.  Expose the wafers to the panel mask using \~460 mJ/cm^2^ of UV light (365 nm) and a mercury based mask aligner.

9.  Develop in MF-26A developer for 2 min and change the developer solution and develop for another 2 min.

10. Calculate the total panel area and use it to compute the current required to electrodeposit Ni from a commercial nickel sulfamate solution at a rate of approximately 1-10 mA/cm^2^ up to a thickness of 8 μm.

11. Dissolve the photoresist with acetone. Rinse the wafer with IPA, and dry with N~2~ gas.

12. Spin coat \~10 μm thick SPR 220 at 1,700 rpm onto the wafers. Wait for 3 min.

13. Perform a ramp-up softbake by placing the wafer on a hotplate at 60 °C for 30 sec. Then transfer the wafer to another hotplate at 115 °C for 90 sec and then back to 60 °C for 30 sec.

14. Cool the wafers at room temperature and wait for 3 hr.

15. Expose the wafers to the hinge mask using \~460 mJ/cm^2^ of UV light (365 nm) and a mercury based mask aligner. Ensure that the registry marks are aligned so that the hinges are aligned with the panels.

16. Develop in MF-26A developer for 2 min and change the developer solution and develop for another 2 min.

17. Using a diamond cutter, cut the wafer into small pieces so that one piece of wafer contains \~50-60 nets. Coat the edges of the pieces with nail polish.

18. Calculate the total exposed hinge area and use it to compute the current required to electrodeposit Pb-Sn solder from a commercial solder plating solution at a rate of approximately 20-50 mA/cm^2^ up to a thickness of 15 μm.

19. Dissolve the photoresist in acetone. Rinse the wafer pieces with IPA, and dry with N~2~ gas.

20. Immerse the wafer piece in etchant APS 100 for 25-40 sec to dissolve the surrounding Cu layer. Rinse with DI water and dry with N~2~ gas.

21. Immerse the wafer piece in etchant CRE-473 for 30-50 sec to dissolve the surrounding Cr layer. Rinse with DI water and dry with N~2~ gas.

22. Immerse the wafer piece in \~2-3 ml of 1-Methyl-2-Pyrollidinone (NMP) and heat at 100 °C for 3-5 min until the templates are released from the substrate.

23. Transfer \~20-30 templates into a small Petri dish and distribute them uniformly.

24. Add \~3-5 ml of NMP and \~5-7 drops of Indalloy 5RMA liquid flux.

25. Heat at 100 °C for 5 min. In this step, the Indalloy 5RMA liquid flux cleans and dissolves any oxide layer formed on the solder and thereby ensures good solder reflow on heating above melting point.

26. Increase the hotplate temperature to 150 °C for 5 min and then slowly increase it to 200 °C until folding occurs. When the temperature is increased to 200 °C folding starts after 5-8 min. The mixture may turn brownish as it starts to burn.

27. When the dodecahedra have folded, allow the dish to cool down. Add acetone to the dish, pipette out the liquid, and rinse the dodecahedra in acetone and then ethanol.

28. Store the dodecahedral particles in ethanol.

Example 2. Protocol for fabrication of reconfigurable, thin film stress driven self-folding thermo-sensitive microgrippers (schematic representation in Figure 4):
------------------------------------------------------------------------------------------------------------------------------------------------------------------

1.  Prepare the masks as explained in **Step 1**. Design the masks so that tip-to-tip length of the grippers is 980 μm, with the central panel side length of 111 μm and the hinge gap of 50 μm. Typical hinge and panel masks can be designed similar to **Figure 1 d-e**.

2.  Prepare silicon wafers as explained in **Step 2**.

3.  Deposit 15 nm Cr adhesion and 50-100 nm Cu sacrificial layers using a thermal evaporator.

4.  Spin-coat \~3 μm thick S1827 using spin coater, at 3,000 rpm. Wait for 3 min and then bake the wafer at 115 °C for 1 min on a hotplate.

5.  Expose at \~180 mJ/cm^2^ UV light (365 nm) using a mask aligner and the hinge mask.

6.  Develop for 40-60 sec in 5:1 diluted 351 Developer. Rinse with DI water and dry with N~2~ gas.

7.  Deposit 50 nm Cr and 100 nm Au using a thermal evaporator. The Cr-Au functions as the hinge bilayer with residual stress in the Cr film, while the Au film is a bioinert support layer.

8.  Lift-off the photoresist in acetone. Use a sonicator for 3-5 min to completely lift-off the excess metal. Wash the wafer with acetone and IPA, dry with N~2~ gas.

9.  Spin coat \~10 μm thick SPR220 at 1,700 rpm onto the wafers. Wait for 3 min.

10. Perform a ramp-up softbake by placing the wafer on a hotplate at 60 °C for 30 sec. Then transfer the wafer to another hotplate at 115 °C for 90 sec and then back to 60 °C for 30 sec. Wait for 3 hr.

11. Expose the photoresist at \~460 mJ/cm^2^ UV light (365 nm) using a mask aligner through the panel mask.

12. Develop in MF-26A developer for 2 min and change the developer solution and develop for another 2 min.

13. Calculate the total panel area and use it to compute the current required to electrodeposit Ni from a commercial nickel sulfamate solution at a rate of approximately 1-10 mA/cm^2^ up to a thickness of 5 μm. Rinse with DI water thoroughly.

14. Electrodeposit or evaporate 100 nm Au. This layer helps to protect Ni from the etchants used to remove the sacrificial layer.

15. Strip the photoresist with acetone. Rinse the wafer with IPA, and dry with N~2~ gas.

16. Mix S1813 and S1805 photoresits at 1:5 volume ratio. Spin coat the mixture at 1,800 rpm. Wait for 3 min, then bake on a hotplate at 115 °C for 1 min. This photoresist layer acts as the trigger layer.

17. Expose at \~120 mJ/cm^2^ UV light (365 nm) on a mask aligner using the hinge mask.

18. Develop for 30-50 sec in 5:1 diluted 351 developer. Rinse with DI water and dry with N~2~ gas.

19. Cut a piece of the wafer using a diamond cutter.

20. Immerse the wafer piece in APS 100 to etch the underlying Cu sacrificial layer. Wait until the microgrippers are completely released from the substrate.

21. Rinse the microgrippers with DI water and store in cold water.

22. Trigger the folding by placing the microgrippers in 37 °C water.

7. Representative Results
-------------------------

Representative results in **Figure 5**show self-assembled polyhedral particles in a variety of shapes as well as folding microgrippers. The fabrication and actuation process is highly parallel and 3D structures can be fabricated and triggered simultaneously. Additionally, precise patterns as exemplified by square or triangular pores can be defined in all three dimensions, and on selected faces if needed. The microgrippers can be closed under biologically benign conditions so that they can be used to excise tissue or loaded with biological cargo. Additionally, since the microgrippers can be made with a ferromagnetic material, they can be moved from afar using magnetic fields.

**Figure 1. Design rules for the synthesis of patterned particles.**(a-c) Mask design rules for the assembly of patterned polyhedral particles; (a) Schematic of the panel mask for a polyhedron of side length L, (b) schematic of the hinge mask featuring folding (0.2 L x 0.8 L) and locking or sealing (0.1 L x 0.8 L) hinges, and (c) schematic of the overlaid 2D precursor or net. (d-f) Mask design rules for the self-folding microgripper; (d) schematic of the hinge mask for a microgripper with tip to tip length D, (e) schematic of the panel mask with hinge gap g, and (f) schematic of the overlaid 2D precursor. [Click here to view larger figure](http://www.jove.com/files/ftp_upload/50022/50022fig1large.jpg).

**Figure 2. Experimental images and conceptual animations of important steps in the fabrication and assembly process.**(a) Screenshot of an AutoCAD panel mask for dodecahedral precursors. (b-c) Optical images of 2D precursors for, (b) dodecahedra, and (c) microgrippers on a silicon substrate. (d) Released dodecahedral nets. Scale bars: 200 μm. (e-n) Conceptual animation of, (e-i) the surface tension driven assembly of a dodecahedron, and (j-n) thin film stress driven folding of a microgripper around a bead (Animation by David Filipiak).

**Figure 3.**Schematic illustration of the important fabrication steps for the surface tension driven assembly of a cubic particle.

**Figure 4.**Schematic illustration of the important fabrication steps for the residual stress driven folding of a six-digit grasping device.

**Figure 5. Images of origami inspired self-assembled patterned and reconfigurable particles.**(a) Optical image of self-assembled particles in a variety of shapes. (b-e) SEM images of a (b) self-assembled porous cube, (c) pyramid, (d) truncated octahedron and (e) dodecahedron. Scale bars: 100 μm. (f-h) Optical snapshots of self-folding microgrippers, and (i) SEM image of a folded microgripper (Image by Timothy Leong). Scale bars: 200 μm.

Discussion
==========

Our origami-inspired assembly process is versatile and can be used for synthesizing a variety of 3D static and reconfigurable particles with a wide range of materials, shapes and sizes. Further, the ability to precisely pattern sensors and electronic modules on these particles is important for optics and electronics. In contrast to patchy particles formed by alternate methods, where patterns are relatively imprecise, this methodology provides a means to synthesize precisely patterned particles. In surface tension based assembly, the use of liquefying sealing hinges ensures that the particles are well sealed and mechanically rigid after assembly (on cooling). Previously, we have observed that the seams are leak-proof even for small molecules^39,40^. Electrodeposition of a thin layer of Au after assembly can provide additional strength and enhance the leak proof nature of the seams. The thin film stress based folding is useful for applications in which stimuli responsive folding is required such as in microgrippers that have been used to perform *in vitro* and *in vivo* biological sampling and in pick-and-place operations in robotics. While the specific methodology described here can be used to create reconfigurable microgrippers that only close once, the appropriate choice of materials and methods to manipulate stress in bilayers can be utilized to also create grasping devices that can be reconfigured over multiple-cycles^37,\ 41^. The highlight of the use of residual stress to power these devices is that they do not require any tethers or wires and so have excellent maneuverability to enable actuation in hard to reach places. Further, by an appropriate choice of polymeric triggers, stimuli responsive behavior can be enabled with a range of stimuli including enzymes^42^ to enable autonomous function of relevance to robotics and surgery.
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